We reviewed 212 consecutive patients with adolescent idiopathic scoliosis who underwent posterior spinal arthrodesis using all pedicle screw instrumentation in terms of clinical, radiological and Scoliosis Research Society (SRS)-22 outcomes. In Group 1 (51 patients), the correction was performed over two rods using bilateral segmental pedicle screws. In Group 2 (161 patients), the correction was performed over one rod using unilateral segmental pedicle screws with the second rod providing stability of the construct through two-level screw fixation at proximal and distal ends. The mean age at surgery was 14.8 years in both groups. Comparison between groups showed no significant differences with regard to age and Risser grade at surgery, pre-and post-operative scoliosis angle, coronal Cobb correction, length of hospital stay and SRS scores. Correction of upper thoracic curves was significantly better in Group 1 (p = 0.02). Increased surgical time and intra-operative blood loss was recorded in Group 1 (p < 0.001 and p = 0.04, respectively). The implant cost was reduced by mean 35% in Group 2 due to the lesser number of pedicle screws.
1
Surgical treatment evolved from the initial concave Harrington rods that applied distraction at the proximal and distal ends of the curve, through to the Luque rods and Cotrel-Dubousset instrumentation that increased the fixation anchors and exerted forces bilaterally across multiple vertebrae in three-dimensional planes. The use of sublaminar wire and hook fixation as well as bilateral rods allowed for improved correction of the deformity and increased stability of the construct.
Pedicle screws were initially introduced in the lumbar spine combined with mainly thoracic hooks to form hybrid constructs. Pedicle screws provide three-column rigid fixation and apply force vectors in all three planes to allow for correction of the coronal and sagittal imbalance, as well as part of the associated vertebral rotation. Pedicle screw instrumentation systems have been increasingly used because of their superior biomechanical properties, their relative safety of insertion, and effectiveness in correcting complex deformities. [2] [3] [4] [5] Other potential benefits of pedicle screw constructs include lower rates of pseudarthrosis, reduced loss of correction of the deformity, greater pull-out strength, lesser risk of neurological complications and preservation of more mobile spinal segments. [6] [7] [8] It has been shown previously that pedicle screw instrumentation is capable of correcting scoliotic curves of ≤ 100° without the need for anterior surgery, thus avoiding the associated morbidity. 3, 9, 10 The superiority of pedicle screws to correct scoliosis has resulted in a tendency to increase the anchor points and use bilateral segmental pedicle screw fixation. It has been suggested that increasing the number of pedicle screws within the construct could achieve better correction of deformity, 11 but as the number of pedicle screws increase, so does the risk of screw malposition impinging on neurological or vascular structures and causing permanent injury.
The purpose of this study was to review retrospectively a single surgeon's experience of treating patients with AIS using pedicle screw constructs and to compare the efficacy of unilateral and bilateral correction techniques as assessed by clinical, radiological and functional results. To our knowledge, this is the largest consecutive single surgeon's series of AIS patients treated with pedicle screw instrumentation and determining whether implant density and technique can affect surgical outcome.
Patients and Methods
The medical records and radiographs of 212 consecutive patients with AIS treated by posterior spinal arthrodesis between 2006 and 2010, using pedicle screw/rod instrumentation, were reviewed. Inclusion criteria were: a) patients with AIS (all Lenke types 12 ) who were treated with isolated posterior spinal arthrodesis; b) all pedicle screw constructs using extended tab polyaxial screws with the ability to lock into monoaxial screws and attached to 5.5 mm titanium rods (DePuy Expedium 5.5 mm dual innie favoured angle reduction screws; DePuy Spine, Raynham, Massachusetts); c) absence of a thoracoplasty; d) use of autologous bone graft supplemented by allograft bone when required; e) minimum two-year post-operative follow-up with clinical, radiological and functional outcomes using the Scoliosis Research Society (SRS)-22 questionnaire. 13 Local institutional review board approval was obtained for the study.
There were 188 females and 24 males, who were divided into two groups. Group 1 (51 patients; 42 female, nine male) in which the deformity was corrected over two rods, using bilateral segmental pedicle screw fixation; and Group 2 (161 patients; 143 female, 18 male) in which the scoliosis was corrected over one rod ('corrective rod') using unilateral segmental pedicle screws, with the second rod ('supportive rod') providing stability to the construct through screw fixation at the proximal and distal ends. There were no selection criteria for patients included in Group 1 and Group 2, as Group 1 was the historical series of the senior author. The trend in the literature 14, 15 for bilateral segmental screw fixation at the time of initial patient enrolment to the study influenced the author's practice towards the use of bilateral segmental screws with further refinement of the correction technique and reduction in the number of screw anchors in Group 2.
The patients' gender, age, Risser grade, 16 scoliosis angle, thoracic kyphosis (T5-T12), and lumbar lordosis (L1-L5) at the time of surgery, post-operatively and at latest follow-up were recorded. All spinal radiographs were measured using the Cobb method All patients had pre-operative MRI scans that excluded intraspinal anomalies. Duration of the operation (skin incision to skin closure), intra-operative blood loss (both in ml and in blood volumes, defined as body weight in kilograms × 70 ml for patients older than ten years) and length of hospital stay were recorded (Table I) . Complications during scoliosis surgery, as well as in the post-operative period were documented. Early post-operative complications occurred within three months and late beyond three months after surgery. SRS-22 outcomes were obtained before surgery, as well as at six months and two years post-surgery. The SRS questionnaires were completed by the patients via a telephone interview conducted by a specialist nurse. Surgical technique. An anatomical exposure of the spine was performed using subperiosteal dissection of the paraspinal muscles from the midline out to the tips of the transverse processes. All patients in this series underwent complete inferior facet resections at every level across the thoracic spine, with associated decortication of the superior facets before bone graft was placed. The capsule and opposing cartilage was removed from the lumbar facets, which were preserved to allow for interfacetal bone grafting. The spinous processes were excised across the levels of the fusion to further mobilise the spine and provide bone in addition to harvested autologous iliac crest graft. The ligamentum flavum was preserved at every level and the spinal canal was not violated.
In Group 1, pedicle screws were inserted bilaterally at every level to be included in the arthrodesis. In Group 2, pedicle screws were used segmentally on one side, whereas only two screws were placed at the cephalad and caudal ends of the construct on the contralateral side in order to allow for a wider area across the levels in between for bone grafting. In this group, for single thoracic or thoracolumbar/lumbar scoliosis the 'corrective rod' with segmental fixation was always placed on the convexity of the curve, with the 'supportive rod' being on the concavity. For double thoracic and lumbar scoliosis the 'corrective rod' was placed on the convexity of the thoracic curve and the concavity of the lumbar curve. For double thoracic scoliosis the 'corrective rod' was placed on the convexity of the main thoracic curve and the concavity of the upper thoracic curve.
All pedicle screws were inserted using a free hand technique and confirmed with intra-operative fluoroscopic imaging before rod placement. The pedicle entry point from T2 to T5 was at the junction of the bisected transverse process and the lateral margin of the facet joint. From T6 to T10 it was at the junction of the upper to the middle third of the transverse process and the lateral margin of the facet joint. At T11 and T12 the entry point was at the base of the superior facet and in the lumbar spine it was at the junction of the transverse process, pars interarticularis and superior facet. The long tab polyaxial screws allowed for easier engagement of the rods, which were pre-contoured to accommodate thoracic kyphosis and lumbar lordosis. In Group 1, the scoliosis was corrected using a translocation manoeuvre combined with segmental vertebral derotation using the screws converted into monoaxial against the two rods ( Fig. 1) . In Group 2, sequential correction was performed using the same technique on the side with the segmental screw anchors while the second 'supportive rod' was placed after correction to augment the construct (Fig. 2) . In both groups distraction and compression was performed before finalising the construct at the proximal and distal ends as needed in order to level the shoulders and lumbar spine.
Autologous iliac crest bone was harvested through the same midline incision and placed across the excised facet joints, transverse processes and laminae to achieve a fusion. Iliac crest bone was harvested in 202 patients. In ten patients with a single or double thoracic scoliosis in whom the fusion involved only the thoracic spine, locally harvested bone was used and then supplemented by allograft bone. The laminae and transverse processes were decorticated and bone graft was used to achieve a solid fusion. Cross connectors between the rods were not used and bone substitutes were not added in any patient. Intraoperative spinal cord monitoring (IOM) was performed recording transcranial motor and somatosensory (cortical and cervical) evoked potentials. Hypotensive anaesthesia and a cell saver were used for all patients.
Selection of the levels of fusion was based on clinical examination in conjunction with the flexibility of the curve as determined by the maximum side bending radiographs. Structural curves producing a clinical deformity particularly when the patient was bending forward to 90° with prominent thoracic or waistline line asymmetry were generally included in the fusion. For double structural thoracic and lumbar scoliosis the fusion extended distally to the stable vertebra or the one immediately above the stable vertebra (stable minus one). Selective fusions were performed in patients with primary thoracolumbar/lumbar and compensatory thoracic curves (thoracolumbar fusion) and in those with primary thoracic and compensatory lumbar scoliosis with lumbar modifier A 12 (thoracic fusion). Selective fusions were not performed in this cohort when the patients were skeletally immature with open tri-radiate cartilage, Risser grade 0 and pre-menarchal. Statistical analysis. This was performed using the twotailed t-test between pre-operative and post-operative radiological measurements within each group. The two- 
Results
The characteristics of the two groups of patients and their surgical results are presented in Table I . Mean postoperative follow-up was 3.5 years (2.5 to 6) with all patients being skeletally mature at latest review (Risser grade 5). The Lenke curve types for both groups are given in Table II . There were 89 patients with major thoracic (single or double), 56 patients with major thoracolumbar/ lumbar, and 67 patients with double major thoracic and lumbar curvatures. There were a greater number of Lenke 5 curves in Group 2, which is an incidental finding and reflects the senior author's surgical activity during the recorded period. During the study period all patients with Lenke 5 curves in Groups 1 and 2 were routinely treated by a posterior rather than an anterior spinal arthrodesis using a pedicle screw technique. The lumbar modifier for double major thoracic and lumbar scoliosis was 8B, 10C in Group 1 and 21B, 28C in Group 2. In all, ten patients (4.7%) had isthmic spondylolysis and associated lumbosacral spondylolisthesis (two in Group 1, eight in Group 2). This was symptomatic Meyerding Grade 2 to 3 18 in five patients, with a thoracic scoliosis, who underwent a posterolateral lumbosacral arthrodesis using iliac crest bone, without instrumentation, through a Wiltse approach 19 at the same time as the scoliosis procedure. The presence of the spondylolisthesis did not affect the levels of scoliosis surgery or the correction achieved.
In Group 1 a higher degree of main thoracic scoliosis correlated with a lower FI (r = -0.4) ( Table I ). The degree of scoliosis correction correlated with the FI for main thoracic (r = 0.9) and thoracolumbar/lumbar curves (r = 0.8).
There was no correlation between the amount of scoliosis correction (% or degrees) and the post-operative loss of thoracic kyphosis in patients with primary thoracic curves (r = -0.1 and -0.09, respectively). Pre-operative scoliosis size of upper thoracic and thoracolumbar/lumbar curves correlated with increased surgical time (r = 0.6 and 0.2, respectively). Pre-operative scoliosis size of main thoracic and thoracolumbar/lumbar curves weakly correlated with increased intra-operative blood loss (r = 0.2 and 0.2, respectively). Pre-operative upper thoracic scoliosis size strongly correlated with age at surgery (r = 0.8) and length of hospital stay (0.9).
In Group 2 a higher degree of main thoracic scoliosis correlated with a lower FI (r = -0.4) ( Table I ). The degree of scoliosis correction correlated weakly with the FI for main thoracic (r = 0.2) and thoracolumbar/lumbar curves (r = 0.2). There was no correlation between the amount of scoliosis correction (% or degrees) and the post-operative loss of thoracic kyphosis in patients with primary thoracic curves (r = -0.15 and -0.12, respectively). Pre-operative scoliosis size for all types of curves correlated with increased surgical time (r = 0.6, 0.4 and 0.4, respectively). Pre-operative scoliosis size of main thoracic and thoracolumbar/lumbar curves weakly correlated with increased intra-operative blood loss (r = 0.3 and 0.3, respectively).
Complications are shown in Table III . In Group 1, one patient with a 95° thoracic scoliosis had transient true positive loss of motor traces on IOM during preparation of the screw canal using the pedicle probe for insertion of an apical concave T8 screw. The screw was not inserted, the motor traces returned to normal and the patient had no neurological deficit. One patient developed a late deep wound infection that presented with an abscess at 11 months post-operatively. She underwent surgical debridement and instrumentation removal. There was evidence of nonunion, which was treated with revision surgery after six months, resulting in a good outcome. One patient required trimming of a prominent proximal rod end at two years due to muscular pain. In Group 2, one patient each developed an early deep and an early superficial wound infection treated with surgical debridement and three months of antibiotics with no evidence of recurrence and no loss of scoliosis correction as the instrumentation was retained. One patient had transient brachial plexus neuropraxia due to intra-operative positioning. One patient developed superior mesenteric artery syndrome that resolved with conservative treatment.
The data regarding the assessment of quality of life are shown in Figures 3 and 4 . In Group 1, the mean pre-operative SRS-22 score was 3.9 (3.5 to 4.1), which improved significantly to 4.5 (4.3 to 4.8) at follow-up (p < 0.001).
Pain and self-image demonstrated significant improvements (p = 0.001 and p < 0.001, respectively) with a mean satisfaction score of 4.9 (4.8 to 5). In Group 2, the mean pre-operative SRS-22 score was 3.7 (3.3 to 4.1), improving significantly to 4.5 (4.2 to 4.8) at follow-up (p < 0.001). Pain, function, self-image and mental health demonstrated significant improvements (all p < 0.001), with mean satisfaction score of 4.8 (4.7 to 5).
Comparison between Groups 1 and 2 showed no significant difference in regard to age (p = 0.92; Table I ) and (Table I) and SRS scores. Correction of upper thoracic curves was significantly better in Group 1 (p = 0.02). Increased surgical time and intra-operative blood loss was found in Group 1 (p < 0.001 and p = 0.04, respectively). The implant cost was reduced by a mean of 35% (18% to 41%) depending on the type of curve and length of arthrodesis in Group 2, due to the lesser number of pedicle screws (implant density of 2 and 1.38 (1.2 to 1.8) in groups 1 and 2, respectively).
Discussion
Pedicle screw instrumentation has been used increasingly in the treatment of AIS with better correction of the deformity when compared with hook or hybrid constructs. 11, 15, 20 Pedicle screw placement can be performed using a free-hand technique, radiological imaging or navigation guidance. We routinely place all pedicle screws through a free-hand technique using anatomical landmarks as described earlier. In our experience, there is a steep learning curve for insertion of thoracic pedicle screws. Even though we did not check the accuracy of screw positioning with CT scans, we had no post-operative pedicle screw-related neurological or visceral complications with 3202 pedicle screws inserted in this cohort.
The construct selected for Group 2 used a convex rod with segmental screw fixation in order to avoid higher-risk concave pedicle screws at the apex of the thoracic curve. Scoliosis correction over a convex rod is a novel idea and has two distinct advantages: 1) it requires placement of convex pedicle screws, which carry lesser risk of pedicle wall penetration, as the convex apical pedicles are wider than those on the concave side and the spinal cord is positioned adjacent to the medial wall of the apical concave pedicles, leaving it susceptible to injury; and 2) the concave 'supportive' rod is sitting higher than the spine, especially across the apex of the scoliosis as this is attached to the vertebrae only proximally and distally, allowing for a large There was some degree of negative sagittal imbalance, but the patient has no complaints regarding her back and took part in normal activities including sports. area for bone grafting and reducing the risk of nonunion. We performed the same deformity reduction technique using a concave 'corrective' and convex 'supportive' rod in patients not included in this cohort applying identical surgical principles and did not record any difference in terms of ability to correct the scoliosis or restore thoracic kyphosis when compared with the present series. The use of extended tab reduction screws allowed for easier capturing of the rods within the screw heads and we used the polyaxiality of the screws with the favoured angle towards the concavity of the curve in order to perform segmental translational correction of the apical deformity. By converting the pedicle screws into monoaxial it was then possible to apply derotational forces and partly correct the rotatory component of the scoliosis. This would have been much less effective if standard polyaxial screws had been used. Scoliosis correction in both Groups 1 and 2 was achieved mainly through segmental vertebral translation of the apex of the curve with a small complementary correction of vertebral rotation, accomplished once the pedicle screws were locked into monoaxial.
Previous studies have described scoliosis correction using the direct vertebral derotational technique, 15 bilateral apical vertebral derotation using an outrigger quadrilateral frame, 14 or the vertebral coplanar alignment technique. 21 The mean scoliosis correction for main thoracic and thoracolumbar/lumbar curves of over 70% in our series compares favourably with these previous studies.
14,15,21 Complications included three deep and superficial wound infections (1.4%), one transient IOM trace loss with no neurological consequences and one re-operation for technical reasons (0.5%). Our data suggests no difference in the rate of wound infection between the two groups despite the fact that scoliosis correction in Group 1 required a higher density of implants and prolonged surgical times.
In contemporary scoliosis correction techniques, increasing numbers of screw anchors have been used over bilateral rods, in order to gain maximal stability and allow for optimum deformity correction. However this can increase the neurological risk due to screw misplacement, prolong surgical time and blood loss, and result in higher instrumentation cost. It has also been suggested that deformity correction in the coronal plane can be achieved at the expense of the sagittal contour of the spine with segmental pedicle screw constructs having a hypokyphotic effect. 4, [9] [10] [11] 22, 23 Clements et al 11 have reported that implant density has a positive correlation with the degree of curve correction. In contrast, Quan and Gibson 22 found no advantage of bilateral segmental pedicle screws over unilateral or alternate screw fixation in terms of scoliosis correction. The only factor that correlated with increased coronal correction rate was the flexibility of the curve when assessed by push-prone radiographs (radiographs taken with the patient in the supine position with longitudinal traction and apical corrective forces applied). Decrease in thoracic kyphosis was associated with greater scoliosis correction.
In our study, we calculated the FI based on standardised supine maximum lateral bending radiographs. Increased scoliosis size for thoracic curves correlated with a lower FI in both groups. The only predictor of greater scoliosis correction was the FI for both main thoracic and thoracolumbar/lumbar curves in Groups 1 and 2. Increased degree of pre-operative scoliosis correlated with prolonged surgical time and greater blood loss in both groups. The presence of severe upper thoracic scoliosis in Group 1 resulted in longer hospital stay, probably due to the longer extent of the spinal exposure and the arthrodesis. Contrary to the study by Quan and Gibson, 22 the degree of scoliosis correction in our series did not correlate with decrease in thoracic kyphosis. The use of all pedicle screw instrumentation in our cohort resulted in a mean loss of thoracic kyphosis of 3° to 4°, which was similar in Groups 1 and 2 and does not appear to affect the clinical outcome as demonstrated by the SRS scores. Groups 1 and 2 were similar in terms of demographics and there was no significant difference on any of the deformity parameters either pre-operatively or at followup, aside from the degree of upper thoracic scoliosis correction, which was greater in Group 1. However, the size of the upper thoracic curves was higher with a lesser FI in Group 2, accounting possibly for the smaller degree of surgical correction. The use of the unilateral pedicle screw correction technique reduced significantly the surgical time and intra-operative blood loss but had no impact on the length of hospital stay, which reflects the overall postoperative morbidity of the procedure. Other potential benefits of the unilateral technique include the ability to preserve a larger area without implants for placement of bone grafts, which could reduce the rate of nonunion and wound infection, as this may be related to a higher density of implants and could both manifest at a longer follow-up. The unilateral technique with the reduced number of pedicle screws also reduced by a mean of 35% the cost of the instrumentation without compromising the clinical results.
The limitations of our study include the retrospective nature of the analysis, the lack of randomisation between the two groups, as well as the relatively small numbers of patients in individual Lenke subtypes, to allow comparison of results across the two techniques when using the Lenke classification. Data on rotatory deformity correction were not included, as in the presence of segmental pedicle screws it would have been inaccurate to measure vertebral rotation on plain radiographs. Measurements of rib and chest wall deformity with the use of the scoliometer are equally inaccurate, as these depend on the selected level that is not standardised, as well as on the patient's position in space and during forward bending that is uncontrolled; therefore, such data have not been included in our study. However, we did not observe inferior rib or rotatory deformity correction and maintenance resulting from the absence of more screw anchors over the second 'supportive rod' in Group 2. In addition, this was a large prospectively collected consecutive series of patients treated by a single surgeon in the same institution, comparing two clearly described techniques of pedicle screw correction. We assessed our clinical outcomes in terms of degree of deformity correction controlling for preoperative FI, rate of complications, and parameters determining surgical morbidity such as surgical time, blood loss and hospital stay. The amount of scoliosis correction reflects a measure of technical competence but does not necessarily relate to patient satisfaction, which is the primary goal of surgery. We, therefore, included in our analysis the SRS-22 scores that provide a more accurate representation of clinical outcomes, as perceived by the patients.
In conclusion, both groups achieved excellent deformity correction with low rates of complication and high patient satisfaction. Higher pedicle screw implant density and a bilateral segmental correction technique have not achieved greater scoliosis correction apart for upper thoracic curves in our series. Scoliosis surgery has entered an era when spinal surgeons have to demonstrate good clinical practice based on outcomes validated through patient quality of life assessments. Cost implications have to be taken into account as health economics play increasingly a determining role in provision of care within modern health systems. This study supports the use of the unilateral segmental pedicle screw technique that resulted in reduced surgical time, and blood loss, while maintaining comparable deformity correction and excellent clinical outcomes.
